ABSTRACT A major episode of continental crust formation, associated with granulite facies metamorphism, occurred at 2.55-2.51 Ga and was related to accretional processes of juvenile crust. Dating of tonalitictrondhjemitic, granitic gneisses and charnockites from the Krishnagiri area of South India indicates that magmatic protoliths are 2550-2530*5Ma, as shown by both U-Pb and mPb/msPb single zircon methods. Monazite ages indicate high temperatures of cooling corresponding to conditions close to granulite facies metamorphism at 2510 f 10 Ma. These data provide precise time constraints and Sr-Nd isotopes confirm the existence of late tonalitic-granodioritic juvenile gneisses at 2550 Ma. Pb single zircon ages from the older Peninsular gneisses (Gorur-Hassan area) are in agreement with some previous Sr ages and range between 3200 f 20 and 3328 f 10 Ma. These gneisses were derived from a 3.3-3.5-Ga mantle source as indicated from Nd isotopes. They did not participate significantly in the genesis of the 2.55-Ga juvenile magmas. All these data, together with previous work, suggest that the 2.51-Ga granulite facies metamorphism occurred near the contact of the ancient Peninsular gneisses and the 2.55-2.52-Ga 'juvenile' tonalitic-trondhjemitic terranes during synaccretional processes (subduction, mantle plume?). Rb-Sr biotite ages between 2060 and 2340 Ma indicate late cooling probably related to the dextral major east-west shearing which displaced the 2.5-Ga juvenile terranes toward the west.
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G E O L O G I C A L S E T T I N G OF T H E K R l S H N A G l R l AREA
South Indian granulites have been described extensively in previous studies (e.g. Pichamuthu, 1%1; Friend, 17, 1990) . The geology of the transition zone near Krishnagiri was described in detail by Condie et al. (1982) where tonalitic, trondhjemitic and granodioritic-granitic gneisses were partially to completely transformed into charnockites (Fig. 2) . Granitic gneisses were probably developed from tonalitic gneisses at the beginning of granulite facies metamorphism. Rb-Sr isochron ages are 2457 f 174, 2529 f 114 and 2490 f 171 Ma for the tonalitic, granitic gneisses and charnockites, respectively (2463 f 65 Ma for a composite isochron; Peucat et al., 1987 Peucat et al., . 1989 ; an Sm-Nd isochron age of 2455f 121 Ma was obtained using all rock types. In addition to the problem of precision, the age of the tonalitic gneisses was younger than expected (3 Ga) and, in spite of Nd and Sr systems being in agreement, it was not possible to rule out isotopic resetting during the granulitic metamorphism.
Samples
Condie et al. (1982) described the tonalitic gneisses as being composed of 40-50% sodic plagioclase, 3040% quartz and 5-10% microcline. Accessory minerals are hornblende, apatite, magnetite, hypersthene, titanite, allanite and zircon. The granitic gneisses, which range from granodioritic to granitic in composition. have similar assemblages except that microcline increases to 10-30% and other minerals decrease proportionally. The charnockites exhibit the same proportions of feldspar and quartz as the tonalitic gneisses, but they contain 5-10%
hypersthene. The chemical compositions of samples used in this study are reported in Table 1 . On Fig. 1 ) from Condie er af. (1982) showing location of samples: 1, charnockitic gneisses; 2, granitic gneisses; 3, tonalitic gneisses.
CaO-Na,0-K20 diagram (Fig. 3) , most samples are transitional between tonalite and granodiorite. Sample 1 is a tonalite and sample 2 is a granodioritic-granitic gneiss; no true granite nor monzogranite samples were at our disposal. 
2.5-GA GRANULITES, K R l S H N
T o d i t k samples
4).
Sample 87K3. U-Pb data are reported in Table 2 and Fig.   4 . The four sue fractions analysed define an upper intercept on the concordia of 2532 f 15 Ma. They are only slightly discordant so it is unlikely that the lower intercept is of significance. A single grain was evaporated in three steps and similar ages of 2530 Ma were obtained (Table 3 ; Fig. 5b ). These agree with the discordia age.
Sample 87K1. A single grain provides a mPb/M6Pb age of 2552 f 14 Ma (Table 3) .
Sample 87K4. One grain provides a mPb/m6Pb age of 2533 f 3 Ma (Table 3 ) and the second 2539 f 1 Ma.
These ages, which range between 2530 and 2550 Ma, are considered to be crystallization ages corresponding to the emplacement of the tonalitic magmas because: (1) zircons do not show overgrowth which would suggest resetting of the U-Pb system; (2) the data have only a restricted range in ages; and (3) the mPb/aMPb ages are similar to the upper intercept of the discordia.
Granitic sample
Zircons are euhedral, elongate and strongly zoned, with The mPb/m6pb monazite age is reported on the concordia curve.
T.Ue 2. U-pb zircon and monazite data from Krishnagiri gneisscs (dissdution method
Charnockitic samples
Zircons are similar to those found in the granitic sample (Fig. 7) .
Sample 87K8. 3).
Monazite dating
Monazite was found only in the samples of granitic gneiss (87K2) and charnockite (87K8). They are relatively poor in uranium (125 and 70ppm); their high content of lead corresponds to more than 90% of the awPb derived from "%I (Table 2 ). The points are slightly discordant, defining ' "Pb/' "Pb ages of 2506f10 and 2517f 10Ma, respectively .
Biotite dating
Rb-Sr whole-rock biotite pair ages were obtained from three samples (87K2, K3, K8). These ages are 2092, 2067
and 2337 f 10 Ma, respectively ( 
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The Gorur-Hassan migmatitic gneisses ( Fig. 1) the Segegudda belt and west of Chikmagalur) were also investigated. The data are given in Table 3 ; various stepheating ages from two Gorur gneiss samples (Ind55) provide ages of 3210f5 and 3309f7Ma. The north Hassan gneiss (IndS6) provides ages of 3234f8 and 3328 f 10 Ma; the trondhjemite sample ( m a ) gives an age of 3203f 19Ma. A gneiss from the west of Chikmagalur (Ind57) provides an age of 3251 f 3 3 M a (Table 3) . Sr and Nd data are reported in Table 5 . The TDM (Nd) model ages of the six gneiss samples range from 3.5 to 3.3Ga, close to the zircon ages. The ENd values, for 3.3 Ga, range from + 1 to +2, whereas ?ir/R6Sr ratios vary between 0.681 and 0.701. Calculated back to 2.5Ga, the ENd values range between -2 and -7 and the "Sr/'%r ratios between 0.702 and 0.727. Similar values are obtained from one sample of the Halekote trondhjemite (Table 5) .
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opening of the Rb-Sr system and probable resetting during migmatization.
Nevertheless, significant Rb-Sr isochron relationships are preserved (Beckinsale et al.. 1982) , suggesting that the opening was not very important on the scale of sampling (10kg each sample). h e age of 3203f19Ma obtained from the Halekote trondhjemite is slightly older than those from the Sr and Pb systems which give ages between 3.1 and 3.0Ga (Beckinsale er al., 1982; Stroh e: al., 1983; Meen et al., 1992) . Is the zircon age therefore inherited from the surrounding gneisses or were the Sr and Pb systems slightly reset during late metamorphism? This is a question beyond the scope of this paper, which should be debated in relation to the numerous Pb and Sr ages close to 3.0Ga which have been obtained from the gneisses near Holenarsipur and Chikmagalur ; Taylor et al., Meen et al., 1992) and apparently are younger than our zircon ages.
DISCUSSION
Magmatism and metamorphism
The Gorur-Hassan-type gneisslses
The oldest mPb/amPb ages, close to 3.3 Ga, confirm those obtained for similar gneisses using Rb-Sr (3315 f 54 Ma) and Pb-Pb (3305 f 13 Ma) systems (Beckinsale et al., 1982) ; they are interpreted as magmatic ages.
Step ages close to 3200Ma may be related to migmatitic processes and/or later trondhjemite emplacement. The similar U-Pb zircon and Nd model ages of the gneisses and the trondhjemite suggest they were derived within a short period of time from similar mantle sources (Fig. 8) . The individual initial Sr ratios calculated back to 3.3Ga are very low and sometimes lower than the initial value assumed for the primitive Earth, thus suggesting an Table   5 .
The Krishnagiri gneisses
The emplacement age of the tonalitic gneisses, obtained from U-Pb upper intercepts as well as from mPb/z*Pb evaporation of single zircons, is in the range 2550-2530 Ma. Ages from charnockitic gneisses are similar. Due to the magmatic origin of these zircons and the lack of inherited structure, we consider these ages as being those of the tonalitic and granodioritic magmatic intrusion. A similar age from the granitic gneiss (2550 Ma) confirms this interpretation in terms of a magmatic event. Nevertheless, there is some question regarding one point: the granites are considered by Condie et al. (1982) to have been melted from tonalitic precursors during the granulitic event which is dated close to 2510Ma. However, sample 87K2 is granodioritic in composition; plotting in the field of the granitic gneisses as defined by Condie er al. (1982) , it is not a true granite. We presently believe that the U-Pb age close to 2550 Ma corresponds to the general tonalitic event; the true anatectic granites remain to be dated. The timing of the granulitic event is better constrained from the U-Pb monazite ages of 2517 and 2506Ma. At 2510 f 10 Ma, they fall in the range of average monazite dates obtained from several charnockite massifs along the transition zone (Buhl, 1987; in Peucat et al., unpubl. data) . Monazite ages are known to record cooling above 600°C and are sometimes estimated up to 700-750"C (Pamsh, 1990) . These conditions are close to those defined for granulite metamorphism in the transition zone (e.g. Janardhan el al., 1982; Raith et al., 1983; Hansen er al., 1984) ; thus we consider the age of 2510 f 10 Ma as the best estimate of the granulitic event in the Krishnagiri area as well as along the South Indian transition zone. This result is in agreement with recent data from the Closepet Batholith, where anatectic granites are dated at 2513 f 5 Ma (Friend & Nutman, 1991) and the intrusive granites are dated at 2518 f 5 Ma (Jayananda et al., unpubl. data).
This batholith was affected by and probably related to the granulitic event (Friend, 1983) . Nature of the 2.5-Ga magmas from Sr and Nd systematics On Fig. 9 , the isotopic signatures of Sr and Nd systems (recalculated at 2.5Ga) in Krishnagiri gneisses (Peucat et d., 1989) are compared with those of the 2.52-Ga Closepet granites (Jayananda et al., unpubl. data), the 3.3-Ga gneisses from the Gorur-Hassan region (Table 5) and the ancient massive charnockites (Peucat el al., 1989) . The Krishnagiri gneisses have positive or zero eNd and initial "'Sr/Tr close to 0.702. This clearly indicates that they were not derived by melting of the 3.3-Ga gneisses which had eNd (2.5 Ga) values of -4 to -15 and initial "Sr/"Sr ratios of 0.702-0.750. They also differ from the Closepet granites, which contain anatectic granites derived from the ancient Peninsular gneisses. They also contrast with the intrusive granites which exhibit negative ENd values despite clear major juvenile input during their petrogenesis (Jayananda et al., 1993) .
Assuming an ENd value close to +5 for the mantle at this time, we can calculate that an ancient crustal contamination may have occurred in the source. According to the model of Martin (1987) , where tonalitic magmas are melted from enriched tholeiite, 10% of older gneisses can be mixed with 90% of enriched tholeiite to produce tonalitic magmas with an ENd value close to zero. Consequently, the Krishnagiri gneisses are at present the most juvenile magmas recognized close to 2.5Ga in this region.
Just to the north of the Krishnagiri area is the amphibolite facies Kolar schist belt (Fig. lb) . Krogstad et al. (1989, 1991) have shown that this lower grade belt corresponds to a possible suture which joins eastern terranes c. 2.5Ga old with older western terranes. It is also possible to recognize two main blocks involved in the 2.5-Ga granulite metamorphism (Peucat et ul., 1989) . One block may correspond to a 'western' craton involving 3-Ga or older gneisses and another more 'eastern' block containing 2. Ga. Krishnagiri and the Nilgiri Hills; it represents a major period of accretion (2.5 G a ago) probably at the boundary of the older craton. These blocks could have been joined in suture zones close to the Kolar and Closepet areas 2.5Ga ago and probably dislocated during major dextral shearing before 2.3Ga ago (as suggested by mica cooling ages).
CONCLUSIONS
The 3.3-Ga Peninsular gneisses in the vicinity of Holenarsipur constitute an early episode of continental crust formation from the mantle; this gneiss did not participate in the genesis of the 2.5-Ga magmas close to the transition zone. A second major episode of continental crust formation, associated with the granulite facies metamorphism, occurred at 2.55-2.51 G a and was related to accretional processes of juvenile crust in subduction or mantle-plume environments.
The sequence of events around 2.5 G a in the transition zone can be summarized as follows (references in the text): 1 2 5 S 2 5 3 0 f 5 Ma corresponds to the. accretion of a juvenile crust of tonalitic-granodioritic composition with positive or zero initial ENd and low initial strontium ratios; 2 2518-2513 f 5 Ma corresponds to the emplacement of juvenile intrusive granitoids and the melting of 3.0-Ga gneisses to produce anatectic granites in the southern part of the Closepet batholith. 3 2510 f 10Ma corresponds to the age of the granulite facies metamorphism which occurred 10-30 Ma later than the accretion event; 4 2300-2100Ma corresponds to late cooling close to 300-350" C, representing the limit in the main hightemperature (Raith e? ul.. 1990) shear zones along the transition zone.
The transition zone is mainly localized at the boundary of ancient Peninsular gneisses with newly formed 2.5-Ga tonalite-trondhjemitic terranes to the south. mPb/abPb = 0.1 %; when loo0 < ="Pb/?"Pb < 6ooo:
anPb/u5U = 0.9%. 2?b/2MU = 0.6%, anPb/aM = 0.4%. Correction for mass fractionation was 0.10% AMU. NBS 983, using Faraday cups provided mbPb/="Pb = 2763 f 7. z"Pb/2'bPb = 0.071309 f 3, axlPb/a"Pb = 0.013645 f 1; avb/z"Pb ratios, when 2acPb is recorded from the ion counting system ( I n ) . range between 2708 and 2780. Calculation of the concordia intercept ages is from Ludwig's (1980) program and errors (20) using the regression of York (19f59).
Single zircon analyses were performed following the procedure proposed by Kober (1986, 1987) , using both mass spectrometers.
Use of ICT on the Finnigan Mat allows measurement of very high %/mPb ratios, which sometimes had to be estimated from the Cameca measuremenh when the run was not of an adequate intensity.
Decay constants and isotopic abundance ratios are those listed by Steiger & Jager (1977) .
